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Abstract

Dependable and efficient diagnosis of Bacillus anthracis has long been a major concern for caregivers. Nonspecific
symptoms during early illness often misguide the diagnosis; thereby jeopardize the proper therapeutic intervention. It is,
therefore, crucial to understand the initial events that take place in a host soon after the onset of infection. The present
study examines the transcriptional profile of human peripheral blood mononuclear cells (PBMCs) challenged by B.
anthracis (BA) spores in vitro, and cultured for 2 hrs, 4hrs, 6 hrs, 8 hrs and 24 hrs, respectively. Transcriptomic assays
support the past findings and identify novel targets for diagnosis and anthrax therapy. We observe rapid elevation of a
number of transcripts encoding genes for cytokines, chemokines, and other uptake receptors, concurrently with onset
of infection. Delayed responses to the BA include gradual attenuation of the genes linked with pathogenic uptake,
such as MyD88 and TLR4, putatively extending the duration of host vulnerability. The signs of altering host defenses,
nevertheless are evident immediately after the exposure to the B. anthracis spores. The pathogenic insult selectively
induces some of the key genes for apoptotic pathways regulated by the toll-like receptors and the caspase cascade;
and suppresses the transcripts related to the p38MAPK-dependent pathways. The T-cell receptors and CD3-mediated
antigenic recognition processes are possibly restrained, and the expression of CD79, a B-cell committed CD marker,
is suppressed. Overall, BA challenges both innate and adaptive immunity processes and their key interfaces during
the early course of infection. We identified several early targets across the networks and pathways, primarily related
to chemotaxis and apoptosis of immune cells that can potentially facilitate development of next generation anthrax

prevention strategies.
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Introduction

Renewed interest in anthrax is triggered by the surge of bioterrorism
events unfolded in the last decade. The inhalational spores of Bacillus
anthracis (BA), the etiologic agent of anthrax were intentionally used
to kill Americans and cause widespread panic [1,2]. Low cost, easy
availability and transferability, and high lethality make BA one of
the most feared biothreat agents. The early flu-like symptoms in the
aftermath of BA exposure, such as fever, nonproductive cough, myalgia,
and malaise of ten misguide the diagnostic process, and delay proper
therapeutic intervention [3].Inhalational BA spores, the preferred agent
of bioterrorism, muster entry through several ports, including the upper
mucosa in nasal lymphoides and lower mucosa in the lungs. The BA
endospores are rapidly engulfed by the phagocytic cells in the lungs and
transported to the peribronchial and mediastinal lymph nodes [4,5];
while the early trafficking possibly occurs via the association with the B
cells [6]. After germination of the spores, the active pathogen multiplies
in the lymph nodes, causing hemorrhagic inflammation of the tissues
in the mid-chest (mediastinitis). Rapid spreading throughout the
body via the bloodstream eventually culminates in fatality caused by
massive septicemia and toxemia [7-9].The virulence factors of BA, a
member of the Bacillus cereus group of bacteria, are attributed to poly-
y-D-glutamate acid (PGA) capsule, lethal toxin (LT) and edema toxin
(ET) [10-12]. These toxins are derived from the combination of three
polypeptides, namely the Protective antigen (PA, 83 kDa), the edema
factor (EE, 89 kDa), and the lethal factor (LE, 90 kDa).

Evaluation of lymphocytes is one method proposed to identify early
signs of anthrax. Past research examining lymphocytes challenged by
BA indicate systematic and selective suppression of host immunity [13-
15]. In vivo exposure of BA toxin impairs activation and proliferation

of murine T lymphocytes, reducing cytokine production and kinase
phosphorylation in the MAPK pathway [16]. BA toxin assault on B
lymphocytes causes immunosuppression, inhibiting the production
and proliferation of IgM [17]. LT and ET assaults inactivate or destroy
monocytes, macrophages, neutrophiles and dendritic cells [18-21].
The kinetics and mechanism of the selective attenuation of the host
defense caused by BA has continued to be the subjects of interest, and is
addressed by the present study, in particular [22,23].

The purpose of the present study is to evaluate transcriptional
profiles of lymphocytes challenged by BA spores. We used peripheral
blood mononuclear cells (PBMCs) obtained from healthy individuals,
to study the temporal changes in transcriptomic expression patterns
caused by BA spore exposure in vitro. To determine the time range to
be used in this study, we consulted literature which reported significant
germination of BA spores after 60 min in vitro infection of macrophage
cells [24]. This outcome is consistent with the in vivo histopathology and
bioluminescence findings [25,26]. Accordingly, PBMCs were exposed
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to BA spores for 30 min, washed twice with the culture medium and
incubated for 2 hrs, 4 hrs, 6 hrs, 8 hrs and 24 hrs, respectively. Untreated
PBMC:s cultured in similar conditions for 2hrs, 4 hrs, 6 hrs, 8 hrs and 24
hrs were used as time- and donor-specific baselines.

We identified genes that are significantly altered (moderate ¢ test
p<0.05), between treated and untreated cells cultured for the same
duration. In general, these genes are involved in toxin uptake, transport,
apoptosis, and cell-to-cell signaling. Comprehensive understanding
of gene expression profiles and the corresponding enriched pathways
and networks may suggest uncharted strategies and novel targets for
effective diagnosis and therapy.

Materials and Methods
Bacterial culture and infection of cells

We prepared spores from BAAmes strain (pXOl+, pXO2+), as
described earlier [27]. Briefly, 5% sheep blood agar (SBA) plates were
inoculated with BAAmes spores and incubated overnight at 35°C.
Several isolated colonies were transferred to a sterile screw-capped tube
containing 5 ml of sterile PBS. New sporulation medium (3 grams of
Tryptone, 3 grams of yeast extract, 2 grams of agar, 23 grams of Lemco
agar were added to 1 L of 1% MnCl, in water) was inoculated in 150x25
mm Petri plate with 200 pl of prepared cell suspension. These plates
were incubated for 48 hrs at 35°C, and then checked for sporulation
progress by microscopic examination. Continued incubation at room
temperature was performed, until free refractive spores reached 90-
99% of total suspension. Spores were then harvested from plates using
5 ml of sterile water, and washed four times in sterile water. The purity
was checked by plating 10 pl in triplicate onto 5% SBA plates, and
incubating overnight at 35°C. Enumeration of spores was calculated via
CFU/ml (determination of viable spores), and also for actual spores/ml
using a Petroff Hauser chamber.Fresh human bufty coat fractions were
obtained commercially from four healthy volunteers, and blood was
collected from ~ 8-10:00 A.M. to minimize variability. Male volunteers,
who had been screened to be HIV and Hepatitis B negative ranged from
19-61 years of age. Human monocytes and lymphocytes of PBMCs
were purified from leukopacks of healthy donors, by centrifugation
over lymphocyte separation medium (OrganaonTecknika, NC).
Monocytes and lymphocytes were then further purified by counter
flow centrifugation-elutriation with pyrogen-free, Ca**- and Mg**- free
phosphate-buffered saline as the eluant. The resulting monocytes and
lymphocyte preparations had greater than 95% viability.

Monocytes and lymphocytes were mixed in a 1:4 ratio, and used
immediately. Cell cultures were maintained in RPMI 1640 media
at 37°C. 1.5x10° cells/donor were exposed to a 1.0 MOI (multiplicity
of infection, pathogenic measure) of the BA spores, and continued
incubation for 30 minutes in RPMI 1640 culture medium. After the
incubation period, cells were centrifuged at 350xg for 10 min, washed
twice with the culture medium and incubated for 2 hrs, 4 hrs, 6 hrs, 8
hrs and 24 hrs, respectively. We cultured time-specific, and unexposed
control samples harvested for 2 hrs, 4 hrs, 6 hrs, 8 hrs and 24 hrs,
respectively. The cells, incubated in the presence and absence of BA
spores, were collected by centrifugation at 800xg. Trizol™ (Invitrogen,
CA) was added for RNA isolation and inactivation of the pathogen.

RNA isolation

We isolated total RNA using Trizol reagent (Invitrogen, CA),
following the manufacturers protocol. RNA quality and quantity was
determined using Agilent 2100 Bioanalyzer (Agilent Technologies,
CA).

Custom made cDNA microarray slide preparation

We prepared human cDNA microarrays as described earlier [27,28].
Briefly, we used the sequence-verified PCR elements synthesized from
about 10,000 well-characterized human genes from a commercially
available library, The Easy to Spot Human UniGEM V2.0 cDNA library
(Incyte Genomics, Inc., CA). The PCR products were deposited in 3X
saline sodium citrate (SSC), at an average concentration of 165 pg/ml
on CMT-GAPS II aminopropylsilane-coated slides (Corning, NY),
using a VersArray microarrayer (Bio-Rad, CA). Arrays were post-
processed using UV-cross linking at 1200 m]J/cm?, followed by baking
for 4 hrs at 80°C. Positively-charged amine groups anchored to the slide
surface were then treated with succinic anhydride and N-methyl-2-
pyrrolidinone.

Microarray experiment and analysis

Following the protocol reported earlier [28], we treated microarray
slides using Micromax Tyramide Signal Amplification (TSA) Labeling
and Detection Kit (Perkin Elmer, Inc., MA). Slides were hybridized
for 16 hrs at 60°C. Hybridized samples were scanned using a GenePix
Pro 4000B optical scanner (Axon Instruments, Inc., CA). Intensity
of the scanned images was digitalized through GenePix 6.0 software
(Axon Instruments, Inc., CA). Microarray images were visualized and
normalized using Imagene v.6 (BioDiscovery, Inc., CA), and data was
analyzed using GeneSpring v.10.1 (Agilent Technologies, Inc., CA).
Assessment of the overall integrity of the microarray experiment was
carried out following past protocol [27]. One data set, the 6 hrs study
of the fourth donors did not meet the quality control threshold, and,
therefore was not considered henceforth.

Data filtering and process normalization

Background and foreground pixels of every spot were segmented
using ImaGene (BioDiscovery Inc., CA), and the pixels with highest
and lowest 20% of the probe intensity were discarded. Local background
correction was applied to each individual spot.

We used GeneSpring v.10.1 (Agilent Technologies, Inc., CA), to
perform preliminary data filtration and statistical analysis. Each chip
was subject to intra-chip normalization, using the locally weighted
scatter plot smoothing method (LOWESS) [29]. We identified the
genes at each time point, differentially regulated between control and
BA spore treated samples, using moderate t-test analysis (p<0.05).

We submitted the microarray data to the Gene Expression Omnibus
(GEO), and this can be searched using the Platform ID: GPL3566,
Series:GSE15068.

Cluster and functional analysis

We used Gene Springv.10.1 (Agilent Technologies, Inc., CA)
to perform two-dimensional hierarchal clustering using Pearson
correlation algorithm.

We used FATIGO* and GeneCite for the gene ontological
classification. Ingenuity Pathway Analysis (IPA; www.ingenuity.com)
was used to mine the pathways and networks relevant to the present
experiment [30,31].

Real time PCR

Five genes that were regulated in all replicates at all time points
were selected for real-time polymerase chain reaction (PCR).

We used Primer3, a web-based primer designing tool, to design the
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primers for the selected genes (http://frodo.wi.mit.edu/). The specificity
of each primer sequence was confirmed by running a blast search
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). We purchased kits from
Invitrogen, CA, and Roche, IN, for reverse transcription reaction and
real-time PCR reactions, respectively. Real-time PCR was carried out
in an I-Cycler (Bio-Rad, CA) platform, using five technical replicates.
Downstream analysis using the GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) housekeeping gene was carried out, following the
protocol described elsewhere [28].

Results

Differentially expressed genes 2 hrs, 4 hrs, 6 hrs, 8 hrs and 24
hrs post exposure to BA spores

Gene expression analysis of PBMC samples exposed to BA spores
identified 948 genes (~ 10% of genes analyzed), significantly different
(p<0.05) between the control and treated samples cultured for the
same time duration (Supplementary Table 1). Figure 1 is a cluster
view of these genes of interest generated using the Pearson correlation
algorithm.

Functional classification of the differentially regulated genes

The genes of interest are functionally classified using the Gene
Ontology (GO) classification for the “Biological processes” and
“Molecular functions” parent terms. The terms “Response to stimulus”
(14%), “Development” (13%), and “Behavior” (4%) emerge as the most
enriched annotations, associated with “Biological processes™. The terms
“Binding” (43%), “Catalytic activity” (20%), “Signal transducer activity”
(14%), “Transcription regulator activity” (8%), and “Transporter
activity” (6%), are the most recurrent “Molecular function” parent
terms (Figure 2).

Most significantly enriched functions are annotated as immune

Donor 1 Donor 2 Donor 3 Donor 4

2 468242 46824 2468242 4824

-5 0 5

Time (hrs)

Figure 1: Cluster view (heatmap) of the genes differentially expressed between
the control and the B. anthracis spores exposed samples.

These genes are identified using moderated t-test with a p<0.05, comparing the
treated and untreated samples in every time points. This cluster shows the genes
expressed in the treated cells at different time points, when compared to the
untreated controls (log, , transformed fold change: B. anthracis spores-exposed
sample/un-exposed control). The color scale of the fold change is noted at the
right bottom of the figure.

Figure 2: Functional classification of genes altered in PBMCs exposed to B. an-
thracis spores.

The fractions of the enriched terms are displayed inside the parenthesis. The
functional classifications for the parent terms are obtained using the GO analysis
tool in GeneSpring v. 10.1. (A) Among the “Biological processes”, the “Physi-
ological process” is the dominating annotation, followed by “Biological process
regulation”, “Response to stimulus” and “Development”. “Other” includes “repro-
duction”, “growth” and “viral life.”(B) Under the parent term “Molecular function”,
the “Binding” emerges as the dominating annotation followed by “catalytic and
signal transduction activity”. “Other” includes “structural molecular activity”, “mo-
tor activity” and “translation regulator activity.”

response, transcription factors, cell adhesion, cell growth, apoptosis,
and signal transduction. Table 1 displays the functional classification of
the genes significantly altered due to BA spore exposure.

Pathway and regulatory network analysis

The enrichment analysis with a cut-off p<0.05 identifies the
networks consisted of clusters of genes involved in cell-signaling and
apoptosis (Figure 3).

Furthermore, the COX-2 and PKC signaling network is significantly
regulated post BA spore exposure, and elevated expression of genes
involved in this network are shown in figure 4.

Metallopeptidase, TCR, CD8, CD3, ZAP70 (CD247), and ERK
(MAPKI) gene expression is decreased in PBMCs exposed to BA
spores, compared to the untreated control cells (Figure 5).

Genes encoding the interferon gamma-induced proteins (IFIT2
and IFI27), and their down- stream modulated molecules (MHC class
I, CD40, CASP1, CASP4, CASP5, CASP7, SOCS3, CCR5, JAK1, and
STATS5), are elevated (Figure 6).

Genes showing significant temporal modification post
exposure to BA spores

The expression levels of Myeloid differentiation primary response
gene 88 (MyD88) and Toll-like receptor 4 (TLR4) are elevated in the
treated cells collected immediately after the spore exposure (2 hrs, 4
hrs, 6 hrs and 8 hrs), but are suppressed at the delayed time-point (24
hrs) (Figure 7). A two-way ANOVA (timextreatment) shows significant
alteration across the time points in both MyD88 (p=0.005) and TLR4
(p=0.02). The comparisons of the mean genomic fold changes between
the two time clusters (immediate vs. delayed responses) shows
significant differences in both gene types (MyD88: p=0.04 and TLR4:
$=0.02).

Confirmation of gene expression changes by Real-Time PCR
analysis

We validated the regulation of genes that were regulated in all
replicates at all time points; namely caspase 1 (NM_001223), Renal
tumor antigen (BF037188), MyD88 (AW965179), CD14 (AL549182),
and the Leucine-rich PPR-motif (A1651837).
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report, we studied gene expression profiles in PBMCs challenged by BA
spores, using cDNA microarrays. Genes showing significant alteration
between treated and untreated samples cultured for the same durations
are of primary interest. The immediate and delayed genomic responses
to the BA insult are of additional interest. These genes and the coherent
networks and pathways could pose as targets for disease detection and
prevention.

Biofunction: Cell death (p=3.5 E-4)

N GenBank Accession Gene 2hrs 4hrs 6hrs 8hrs (24 hrs
‘\@ symbol
I.' AA393203 ATF1 039 114 093 |0.89 [1.52
AA952981 ATP2B1 090 1.83 1.05 [1.33 0.89
561 AB002376 ERC2 120 083 (173 10.23 251
Fold Change 1 3 6 Al004969 ATF1 115 169 [1.05 2.64 154
[T
Fi 3 Requlat tworks showing clust ¢ differentiall lated Al050734 ALDH1A1 369 057 199 1.16 1.86
igure 3: Regulatory networks showing clusters of differentially-regulated genes
involved in cell signaling and apoptosis. Al829016 CD59 0.87 0.50 08 [058 |0.76
o . ) ) o AW665276 CAST 0.87 154 172 155 147
Red—colorgd genes show significantly increased expression at all time pomts in BE350967 CENTG3 |3.29 223 113 142 135
B. anthracis treated cells, compared to the control cells (a color scale is at the
bottom right corner). The uncolored nodes are network members that are not sig- BF677029 BCL2A1 2553 2367 11.02 [34.69 6.31
nificantly regulated by the B. anthracis insult, as found in the present study. The BG397697 ADRBK1 447 1.74 118  1.41 1.53
nodes represent the genes or proteins; and the solid and dashed arrow-headed NM 001223 CASP1 316 4413 240 7.81 1.13
lines depict the direct and indirect interactions, respectively. NM_004034 ANXA7 235 0.90 160 172 066
NM_004360 CDHA1 045 053 121 026 1.46
NM_006614 CHL1 6.13 197 133 339 348
NM_012099 CD3EAP 0.73 |0.87 047 0.77 0.97
U75968 DDX11 146 075 078 047 4.19
Biofunction: Cell morphology (p=4.6 E-4)
GenBank Accession Gene 2hrs 4hrs 6hrs 8hrs (24 hrs
symbol
AA569764 CDH1 0.73 |1.03 1.03 |0.70 |1.17
AB022659 CEP170 237 148 (180 (123 1.99
BG483248 AQP4 260 [1.07 139 024 |1.03
NM_001748 CAPN2 403 239 (199 0.87 0.99
Biofunction: Cell-to-cell signaling and interaction (p=3.5 E-3)
GenBank Accession Gene 2hrs |4hrs 6hrs 8hrs 24 hrs
symbol
BE907932 CD63 2.77 127 044 062 [1.30
ﬁ@ BF677029 BCL2A1 2553 23.67 11.02 |34.69 6.31
. ; NM_004360 CDHA1 045 053 121 026 (146
. ) W46422 CD59 4.29 112 182 1.02 260
Figure 4: Regulatory network of COX-2 (Cyclooxygenase-2) and PRKC (Protein . T - : ~
kinase-C) pathways. Biofunction: Cell growth and proliferation (p=7.6 E-6)
o ) . . o GenBank Accession Gene 2hrs 4hrs 6hrs 8hrs 24hrs
Red-colored genes show significantly increased expression at all time points in symbol
B. anthracis treated cells, compared to the control cells (a color scale is at the
bottom right corner). The uncolored nodes are network members that are not sig- AF038193 ARL3 247 1.30 162 |195 |2.07
nificantly regulated by the B. anthracis spores, as shown in the present study. The AU098377 ARL3 151 1093 11.01 [1.08 252
nodes represent the genes or proteins; and the solid and dashed arrow-headed AW005824 ABTB1 1.94 1.89 142 394 [1.01
lines depict the direct and indirect interactions, respectively. NM 001124 ADM 207 042 1229 354 |1.44
NM_012099 CD3EAP 0.73 0.87 047 077 0.97
Real-time PCR was performed using PBMC samples treated and Biofunction: Molecular transport (p=2.4 E-2)
untreated with BA spores and cultured for 4 hrs post-exposure. Figure GenBank Accession Gene 2hrs 4hrs 6hrs 8hrs 24hrs
8 illustrates that the real-time PCR expression profiles for the selected symbol
genes well-correlated with the corresponding microarray results. AB002376 ERC2 120 083 173 1023 251
AW474551 CAMLG 1.27 156 147 078 [1.84
Discussion W46422 CD59 429 112 182 1.02 2.60

A majority of the practiced protocols for the identification and
classification of exposure to BA use immunoassays, culture methods,
and gene amplification techniques. These conventional methods lack
immediacy, which is essential in diagnosing early bacterial infections.
New identification methodologies that allow for early detection are
significantly improving our aptitude to diagnose this illness. In this

Table 1: Functional classification of the genes significantly altered by exposure to
B. anthracis spores.

The five most significantly enriched biofunctions with corresponding GeneBank ac-
cession and Gene Symbol are recorded. The gene ontology enrichment p-values
are recorded inside the parenthesis with each function. The fold change is: tran-
scriptomic expression of treated/ control cells of donor i at time j; where i=donor 1,
2,3 and 4; and j=2 hrs, 4 hrs, 6 hrs, 8 hrs and 24 hrs.
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Figure 5: Regulatory network for matrix metallopeptidases, T-cell receptors, and
their downstream signal transducers.

The nodes and networks are distributed between the extra- and intercellular re-
gions and the interfaces (not drawn to scale). Green-colored genes are signifi-
cantly suppressed at all time points after the B. anthracis spore exposure com-
pared to the control cells (a color scale is at the bottom right corner). The nodes
represent the genes or proteins (see the legend for detail); and the solid and
dashed arrow-headed lines depict the direct and indirect interactions, respec-
tively.

Cyioptasm

Fold Change 6 -3

Figure 6: The JAK/STAT and IFN-y signaling pathways.

The nodes and networks are distributed between the extra- and intercellular re-
gions and the interfaces (not drawn to scale). Red- or green-colored genes are
significantly increased or decreased, respectively, at all time points after BA spore
exposure, compared to the control cells (a color scale is attached at the bottom
right corner). The nodes represent the genes or proteins (see legend for detail),
and the solid and dashed arrow-headed lines depict the direct and indirect inter-
actions, respectively.

The genes of interest are recorded in the supplementary table 1.
The entire data set is uploaded in the public domain: Gene Expression
Omnibus (GEO); Platform ID: GPL3566; Series: GSE15068.

In general, these genes primarily represent the physiological and
cellular changes in host immune systems caused by BA insult. Literature
suggests BA exposure critically impacts immunological functions, such
as chemotaxis, bacteriocidal activities and apoptosis of immune cells
[32], which emerge as the focal points of the following discussion.

Cytokine and other early responders induced by BA insult

BA spores are known to induce a strong cytokine response in
immune cells. BA spore challenge in an in vivo mouse model [33], and

in vitro macrophage and THP-1 cells [34-36] elevate TNF-«, IL-1a,
IL-1B, IL-6, CCL5, CXCL2 and KC transcripts. The LT-induced toxic
shock via subcutaneous injection into the mouse selectively suppresses
a wide panel of cytokine genes, including IL-3, IL-4, IL-6, IL-10, IL-17,
and TNF-q, but elevates others like IL-2, IL-3, and IL-5 [16]. Another
murine model exposed to BA spores demonstrates elevated IL-4, IL-6,
KC, RANTES, G-CSF and MCP-1 transcript levels in the sera collected
at 8 hrs and 24 hrs post infection [37]. The present transcriptomic study
using BA spores to challenge PBMCs finds a temporally consistent
elevation in the expression of a number of genes for cytokines and
their receptors, including IL-1a, CCL5, CSF-2, ILIRN, IL-12a, IFN-y,
and CD40; chemokines and their receptors such as CXCL1 andCCR5;
protein kinases such as JAKI, MDK, PRKCA, PRKCBI, PRKDI, and
PRKCZ; and the members of the caspase family like CASP-1, -4, -5 and
-7 (Figures 3, 4 and 6).

Spore exposure suppresses matrix metalloprotease transcripts,
including MMP-7 and MMP-11 (Figure 5). The inhibited proteolytic
activities of MMPs are likely essential for the onset, progression and
lethality of BA toxins. Our finding may enrich the growing list of MMPs
identified as the targets for anthrax therapy [38,39].

We also observe inhibited expression of CD79b (Gene ID: M80461,
Supplementary Table 1), encoding the Ig-beta protein of the B-cell
antigen receptor. Consistent observations reveal BA exotoxin mediated
suppression of the B-cells in rodent model [17]. A number of B-cell
committed CD markers, including CD79, are associated with BA toxin
uptake by the host [40]. Suppressed transcript of this B-cell committed
CD marker plausibly indicates attenuation of the humoral immune
response.

Apoptosis and cell signaling pathway related genes induced
by BA insult

A major pathogenic factor of BA insult is attributed to the rapid
onset of apoptosis in macrophage cells [32,41]. Quantitative pathological
studies have indentified apoptotic human lymphocytes, as a result
of inhalational BA spores [41,42]. The onset of apoptotic episodes in
macrophages of mice occurs during the germination of spores, and
subsequent bacterial trafficking to the lungs [43]. Recent findings in
the mouse model, in fact, link the LT induced macrophage pyroptosis
to the host protective mechanism [44,45]. Mouse strains experiencing
slow lysis of macrophages generally succumb to BA insult quicker than
the strains experiencing rapid death of macrophages [45,46].

The death network selectively recruits a host of apoptosome,
proteosome and inflammasome pathways to impair the membrane
permeability, and downgrade the mitochondrial membrane potential
[47]. LT assault on macrophages causes elevation in TLR4 [48], and
the caspase family [49], inducing apoptosis. Furthermore, LT affects
the p38a-dependent apoptosis pathway by inhibiting p38MAPK [19].
Concurrently, some of the key components of host defense like toll like
receptors (TLRs) activate cytokine expression through several adaptor
molecules, including MyD88 [50], and trigger apoptosis via the caspase
cascade [32-51].

In the present study, we observe a time-independent elevation of
gene expression associated with the caspase family (CASP-1, -4, -5
and -7) and suppression of p38 MAPK (Figure 6). MyD88 and TLR4
transcripts are significantly elevated immediately, after the exposure
to BA spores (Figure 7). The microarray results are confirmed by real-
time PCR (Figure 8). Of note, the present study reveals decreased
transcriptomic regulations of MyD88 and TLR4 due to prolonged
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Figure 7: Genomic regulation of two genes (Toll-like receptor 4 (TLR4) and
MyD88) showing significant difference between the immediate and delayed re-
sponse to the exposure to B. anthracis spores.

The bar graph shows the log, , transformed genomic fold changes (B. anthracis
spores-exposed sample/un-exposed control) with + SEM. The white and gray
bars represent the average fold changes of MyD88 and TLR4 expression, re-
spectively.
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Figure 8: Validation of microarray data by Real-time PCR expression profiles for
selected genes.

The bar graph shows the log, , transformed genomic fold changes (B. anthracis
spores-exposed sample/un-exposed control) with + SEM. The white and gray
bars represent the average-fold changes measured by the microarray and real-
time PCR platforms, respectively. Gene expression values in the real-time PCR
experiment are normalized to mRNA levels of GAPDH, the housekeeping gene.

incubation after the exposure to BA spores (24 hrs). The data are
supported by the past studies that found high anthrax spore-induced
lethality among the mice with deficiency of MyD88 [52], and MyD88-
dependent components like IL-1 beta, caspase-1 and TLR4 [53].
Together, this data may suggest a systematic strategy adapted by BA
to trigger rapid immune suppression, which possibly intensifies with
time. However, it is not clear yet whether BA spores directly affect all
of these apoptotic networks, or achieve this indirectly as a consequence
of MKK cleavage.

ERK (MAPK]1) is an important integration point of many signaling
pathways, and is known to be involved in transcription regulation,
differentiation, proliferation and development of stimulated cells.

ERK shares phosphorylation pathways with p38 MAPK [54], which
is instrumental for the activation of the NFkB transcription activity
[55]. ERK is also critical for the thymic positive selection of CD4+
T-cells [56]. Endothelial cells challenged by LT showed inhibition of
phosphorylation of ERK prompting vascular damage [57]. Our study
using PBMCs reveals rapid inhibition of ERK transcripts, concurrent
with the attenuation of the other transcriptomic candidates of major
apoptotic pathways (Figure 5).

Suppression of multiple kinase signaling pathways associated
with ERK and p38 further blocks the T-cell receptor (TCR)-mediated
activation of T lymphocytes, and its downstream functions and
apoptosis. The LT injection of mice blocks the ability of T-cells to
respond via TCR [16]. This is supported by our data showing co-
suppression of the transcriptomic regulations of TCR and CD3. Upon
toxic attack, TCR and CD3 form a heterodimer and recognize antigens
bound to class I major histocompatibility complex (MHCI) molecules
[58]; therefore the potential suppression of TCR/CD3 at the early stage
of infection can seriously compromise the T-cell efficiency.

Elevated genomic expression of MHC and interferon-gamma
(IFNy), in combination with elevated IL-12a expression as shown in
the present study, underpins the complexity of BA infection. It seems
plausible that BA selectively targets the proteosome arms of adaptive
immunity to systematically impair the whole immune system. The
reason behind the selection program could be of particular interest,
which is however, beyond the scope of the present study.

Several transcripts associated with the signal transduction cascade,
protein kinase C pathway (PRKC) (Figure 3), show elevated regulation
upon BA mediated assault. This observation is consistent with previous
evidence highlighting the pivotal role of PRKC in the cytotoxicity of LT
in murine macrophage cells [59].

Conclusion

Referring to the limitations of the present study, we do not seek
to differentiate between the transcriptional responses to the BA spores
vs. corresponding toxins (LT or ET); nor does this study focus on
individual cell types present in the PBMCs.

In particular, we observe a rapid dismantling of the immune system
in response to BA infection. Past studies reported rapid adaptation of BA
with intracellular environment inducing chemokines and transcription
factors [60,61] and metabolic pathways [25]. We observed aBA-
mediated systematic, but rapid suppression of genes associated with
T-cells and B-cells. Our findings favor previous studies demonstrating
the negative consequences on B cell and T cell activities, as a result of
BA toxic shock to rodents [16,17]. The emerging knowledge about the
potential mechanism of evading host defenses has been increasingly
encouraging for exploring new avenues to develop next generation
anthrax vaccines [62]. Addressing this concern, our study identified a
host of potential targets associated with biofunctions, such as binding,
catalytic activity, signal transduction and response to stimuli. We
demonstrate that there are temporal shifts in the expression of certain
genes such as MyD88 and TLR4, which are tasked with the early uptake
of the toxin.

In addition, our results suggest potential mechanisms adapted by
BA to evade host immunity. For instance, BA assault rapidly suppresses
transcripts associated with key antigen recognition processes, including
the TCR pathways, and selectively attacks a number of apoptosome,
inflammasome and proteosome cascades, simultaneously crippling
innate and adaptive host defenses. Comprehensive investigation of
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these genes, networks and pathways may reward with novel therapeutic
and diagnostic targets.
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